Objective: Ghrelin is a potent peptide stimulating GH secretion. Besides its direct action on the pituitary, ghrelin has been reported to stimulate GH release via the vagal afferent nerve in rats. To examine the involvement of vagal nerve in ghrelin-induced GH secretion in humans, GH responses to ghrelin were compared between vagotomized patients with gastrectomy and normal subjects. Methods: Ghrelin (0.2 mg/kg) or GHRH (1 mg/kg) was administered intravenously in vagotomized patients and normal subjects on separate days, and plasma GH responses to the stimuli were examined. Results: Ghrelin caused a significant plasma GH rise in both vagotomized patients and normal subjects. Peak GH levels in vagotomized patients (37.5^16.9 ng/ml) were not different from those in normal subjects (29.9^23.1 ng/ml). The areas under the curve of GH response to ghrelin did not differ between the two groups. GHRH also increased GH levels, and peak GH levels and areas under the curve after GHRH stimulation were also comparable between vagotomized patients and normal subjects. Conclusions: In the present study, the involvement of the afferent vagal nerve in ghrelin-induced GH secretion was not confirmed in humans.
Introduction
Growth hormone (GH) secretion is governed by two hypothalamic hormones, growth hormone-releasing hormone (GHRH) and somatostatin. GHRH stimulates the secretion of GH while somatostatin inhibits it (1) . In addition to GHRH, another GH-releasing peptide, ghrelin, has been identified (2) . Ghrelin is a natural ligand for the receptors for GH secretagogues, synthetic compounds with GH-releasing activity (3) . Ghrelin stimulates GH secretion from cultured rat pituitary cells (2) , and intravenously administered ghrelin increases plasma GH levels in humans (4 -6) and rats (2, 7) . In addition, ghrelin stimulates food intake when administered intraventricularly or intravenously (8, 9) . Ghrelin is detected in peripheral blood, and the main source of circulating ghrelin appears to be the stomach since resection of stomach was found to decrease plasma ghrelin levels (10) . However, circulating ghrelin is unlikely to play a role in regulating GH secretion since pulsatile GH secretion was preserved in freely moving rats treated with GH secretagogue blocker (11) . On the other hand, gastric afferent vagal nerve has been reported to be involved in stimulatory effects of ghrelin on GH secretion and food intake in rats (9, 12) . These findings led us to compare the GH responses to ghrelin injections in patients with vagotomy and normal healthy subjects.
Materials and methods

Subjects
Six vagotomized patients associated with gastrectomy and six healthy volunteers were studied. Four patients have undergone total gastrectomy and two patients have undergone partial gastrectomy, with the fundus of the stomach remaining, as a result of stomach cancer and have no recurrence. All the patients have undergone truncal vagotomy and have no recurrence. Clinical characteristics of participants were summarized in Table 1 . All subjects gave their written informed consent to participate in the study, which was approved by the Kobe University Ethical Committee.
Ghrelin test and GHRH test
All vagotomized patients and normal subjects underwent a ghrelin test, and five vagotomized patients and six normal subjects underwent a GHRH test on separate days. After an overnight fast, at 0830-0900 h an indwelling catheter was placed into an antecubital vein of the forearm. Blood samples were obtained just before and 15, 30, 45, 60, 90 and 120 min after the bolus injection of human ghrelin (0.2 mg/kg body weight) or human GHRH1-40 (1 mg/kg). Blood samples were centrifuged and the resulting plasma was stored at 2 20 8C until assay. Plasma GH concentrations were determined by ELISA (Toso, Tokyo, Japan). The sensitivity of the assay was 0.15 ng/ml. The inter-and intra-assay coefficients of variation were 2.9 and 2.4%, respectively. The GH responses are expressed in absolute terms and as areas under curves (AUCs) calculated by trapezoidal integration. Plasma insulin-like growth factor (IGF)-I levels were determined by immunoradiometric assay (Daiichi Radio Isotope, Tokyo, Japan). The sensitivity of the assay was 4.2 ng/ml. The inter-and intra-assay coefficients of variation were 3.0 and 3.5%, respectively. Total plasma ghrelin levels were determined with RIA recognizing C-terminal ghrelin (13) . Plasma glucose levels were measured by glucose oxidase colorimetric method (Sanwa Kagaku, Nagoya, Japan).
Statistical analysis
The statistical analysis was carried out using nonparametric ANOVA (Friedman test) and then Wilcoxon test, as appropriate. The results are expressed as mean^S.E.M. P , 0.05 was considered significant.
Results
Intravenous administrations of ghrelin caused significant plasma GH rises with peak levels of 37.5^16.9 and 29.9^23.1 ng/ml in vagotomized patients with gastrectomy and normal subjects, respectively. AUCs after ghrelin administration were 2037.1^938.0 and 1455.9^856.9 ng/min per ml in the patients and normal subjects, respectively. Peak GH levels and AUCs did not differ between two groups (Fig. 1) . GHRH administration also elevated plasma GH levels with peak levels of 16.5^7.0 and 9.4^1.8 ng/ml in vagotomized patients and normal subjects, respectively. AUCs after GHRH injection were 1210.0^641.6 and 686.6^101.2 ng/min per ml in the patients and normal subjects, respectively. There was no difference in GHRH-induced GH response between vagotomized patients and normal subjects (Fig. 2) . Peak GH levels to ghrelin were greater than those to GHRH in the vagotomized patients. Body mass index and fasting plasma glucose were not different in both groups, but plasma IGF-I and basal ghrelin levels were lower in the patients than in normal subjects ( Table 1) .
Discussion
Asakawa et al. (9) have reported that ghrelin exhibited potent orexigenic effects which is lost after vagotomy in rats. In addition, Date et al. (12) have shown that GH responses to ghrelin were attenuated in vagotomized rats compared with control rats. Also, they have shown the presence of ghrelin receptor in vagal afferent nerve and the attenuation of ghrelin-induced c-Fos expression in neuropeptide Y-producing and GHRH-producing neurons in the hypothalamus of vagotomized rats. Furthermore, Sakata et al. (14) reported recently, having used retrograde tracing with fluorogold, that some cells containing ghrelin receptors in the nodose ganglion project to the stomach. These findings suggest a possible mechanism for ghrelin produced in the stomach to stimulate GH release and food intake via vagal afferent nerves in rats. In agreement with these results that the central nervous system, at least in part, is involved in ghrelin action, Popovic et al. (15) have reported that the main action of ghrelin to stimulate GH release is exerted at the hypothalamic level.
In contrast, in the present study, intravenous administration of ghrelin resulted in a marked GH release in both vagotomized patients and normal subjects to a similar extent, and GH secretion to ghrelin was greater than to GHRH. These findings suggest no involvement of the vagal nerve in ghrelin-induced GH secretion in humans.
Although the reason why GH secretions in response to ghrelin differed between humans and rats is unclear, several possibilities may explain it. One possibility is a modulation of GH response by IGF-I. It is well known that IGF-I has an inhibitory action on pulsatile and provocation-induced GH secretions in humans (16, 17) . Since plasma IGF-I levels in the patients with vagotomy were lower than those in normal subjects, it may be responsible for the augmentation of GH response to ghrelin in vagotomized patients. However, not all the provocative tests were influenced by IGF-I. For example, IGF-I is unlikely to reduce GH responses to arginine. A s.c. administration of IGF-I does not suppress GH response to i.v. infusion of arginine (18) . Thus, it is unclear that IGF-I, in fact, suppresses GH release to ghrelin, although the possibility that IGF-I modulates GH response to ghrelin cannot be excluded.
The difference in mean age between the vagotomized patients and normal subjects may have affected GH responses. In general, GH responses to provocative stimuli are decreased in the elderly. Broglio et al. (19) have reported the attenuated GH secretion to ghrelin in elderly people. Hence, the GH response to ghrelin in the vagotomized patients may be underestimated but not overestimated compared with normal subjects since the vagotomized patients were older than normal subjects. Therefore, it is unlikely that the attenuated responses to ghrelin, which should have been observed in vagotomized patients as well as vagotomized rats, were masked in the vagotomized patients because of their age.
Gastrectomy itself may influence GH secretion induced by ghrelin in humans. In rats, however, resection of the gastrointestinal tract with vagotomy also leads to attenuated GH secretion to growth hormonereleasing peptide-6 (GHRP-6), one of the GH secretagoues, which is comparable to the findings in rats with selective vagotomy (20) . Therefore, gastrectomy itself does not appear to be a factor explaining the difference between humans and rats.
Gastrectomy causes a decrease in plasma ghrelin levels (10) . In agreement with this previous finding, plasma total ghrelin levels were lower in the patients than in normal subjects in the present study, suggesting that additional sources of ghrelin production are not sufficient to maintain plasma ghrelin levels. It is difficult to exclude the possibility that low plasma ghrelin level may have affected the GH response to ghrelin.
The results of Date et al. (12) in rats would indirectly suggest that the low dose of ghrelin utilized in these vagotomized patients may in part be a reason for concluding that ghrelin administration did not release GH via the vagal nerve pathway. It is still unclear why the GH response to ghrelin differed between vagotomized humans and rats. However, intravenously administered ghrelin seems to stimulate GH release by its direct action on the hypothalamus/pituitary region rather than via vagal afferent nerve in humans, at least under the present experimental conditions. In summary, intravenous administration of ghrelin caused marked GH response in patients with vagotomy as well as in normal subjects. Under the present experimental conditions, the involvement of the afferent vagal nerve in ghrelin-induced GH secretion was not confirmed in humans.
